Abstract: Thanks to its observational frequency of 15 min, the Meteosat Second Generation (MSG) geostationary satellite offers a great potential to monitor dust storms. To explore this potential, an algorithm for the detection and the retrieval of dust aerosol optical properties has been tested. This is a multispectral algorithm based on visible and infrared data which has been applied to 15 case studies selected between 2007 and 2011. The algorithm has been validated in the latitude-longitude box between 30 and 50 degrees north, and −10 and 20 degrees east, respectively. Hereafter we present the obtained results that have been validated against Aerosol Robotic Network (AERONET) ground-based measurements and compared with the retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA's Terra and Aqua satellites. The dust aerosol optical depth variations observed at the AERONET sites are well reproduced, showing good correlation of about 0.77, and a root mean square difference within 0.08, and the spatial patterns retrieved by using the algorithm developed are in agreement with those observed by MODIS.
Introduction
The Sahara desert is the largest source of dust in the world and thus it plays an important role in the radiative budget and climate change [1] [2] [3] [4] [5] [6] . Solar radiation can be absorbed and scattered by mineral dust, and the mineral dust properties determine the fractions of the radiations absorbed or scattered as a function of wavelength. Mineral dust can also affect the global radiation balance indirectly through their interaction with clouds by acting as cloud condensation nuclei [7] . Mineral dust causes changes in the size distribution, persistence time, and the optical properties of clouds, thus influencing the radiative budget and causing a secondary effect on the global climate change [8] [9] [10] . The radiative impact of mineral dust in the atmosphere is not completely clear because of the lack of a deep knowledge of the nature, transport and removal processes and the chemical and physical properties of the particles. Aerosol satellite remote sensing is the most convenient tool for providing global aerosol spatial and temporal distributions. However, the satellite aerosol signal is difficult to be discriminated from the surface reflectance, which is the reason why algorithms based only on the visible spectral region often fail over bright surfaces [11] [12] [13] , unless they use additional information such as that available on instruments like TOMS (UV observations), AATSR, MISR (multi-angle observation), and POLDER (polarization observations) [14] [15] [16] . Measurements from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on board the Meteosat Second Generation (MSG) can be used to identify atmospheric dust, and to infer the dust aerosol optical depth [17] [18] [19] [20] . Some of these algorithms are based on visible channel only, and thus present limitations over bright background surfaces [18] . Alternative solutions have been proposed to address this issue, such as the MODIS deep blue algorithm [21] . A large set of dust optical depth over North Africa and the Middle East at half-hourly temporal resolution during daylight hours has been shown in [17] . The algorithms based on infrared channels developed over the last few years [22, 23] show reasonable results over bright surfaces. The algorithm presented here is based on the observations from MSG/SEVIRI infrared and visible channels, and thus it allows the detection of the dust presence and the retrieval of the dust optical depth over a large area (in the latitude-longitude box between 30 and 50 degrees north, and −10 and 20 degrees east). The algorithm has been developed in a previous work [24] devoted to retrieve surface solar irradiance, and it is now applied to detect and retrieve dust in order to quantify its performances. With respect to previous studies, this algorithm is based on a very accurate FOV discrimination (clear, cloudy, affected by aerosol/dust) [25] and an accurate land-cover, which is crucial in order to retrieve the optical aerosol depth over land. With this accurate land cover, the algorithm permits to retrieve dust in very difficult cases, such as when it is hard to discriminate dust signal from the surface reflectance.
Algorithm Description
Section 2.1 describes the considered data set, Section 2.2 describes the dust aerosol detection, Section 2.3 describes the albedo and the emissivity data used, and finally Section 2.4 describes the dust aerosol optical retrieval.
Data Set
The algorithm presented here is based on MSG/SEVIRI radiometer visible and infrared observations. The SEVIRI has been available on board MSG since its launch in August 2002, but the data have been available only since February 2004. Every 15 min SEVIRI provides measurements in 12 spectral channels: 3 solar channels (0.6, 0.8 and 1.6 μm), 8 infrared channels (3.9, 6.2, 7.3, 8.7, 9.7, 10.8, 12 .0 and 13.4 μm) and one High-Resolution broadband Visible channel (HRV) (0.4-1.1 μm). The SEVIRI nadir spatial sampling at sub-satellite point is 1 km for the HRV channel and 3 km for the other channels. Four of the twelve SEVIRI channels look at sunlight reflected both from the clouds and the Earth's surface, the other eight monitor thermal infrared emission. Among the latter, four measure the temperature of the clouds, land and sea surface, whereas the other four detect radiation emitted by water vapour, carbon dioxide and ozone in the atmosphere A database of simulated MSG/SEVIRI radiance (HRV broadband and channels at 0.6 µm, 0.8 µm, 1.6 µm, 10.8 µm and 12.0 µm) was created by using temperature, humidity and trace gas concentration profiles for four standard atmospheres (tropical, midlatitude summer, midlatitude winter and US standard), diverse observation geometries, different types of albedo/emissivity values (more details in Section 2.3), total water vapour column, and aerosol distributions. The simulations of aerosols have been carried out by using the following parameters: the number of atmospheric levels and phase function moments, the optical depth, the single scattering albedos and the Legendre moments of the phase function. These aerosol parameters are extracted from the Global Aerosol Data Set (GADS) [26, 27] . GADS is a fully revised version of the aerosol climatology by D'Almeida et al. [28] . The data now consist of number distribution, mass per volume and optical properties. The aerosols are modelled as 10 components described with size distribution and spectral refractive index (on the basis of [26] ). The optical properties are derived from these data in accordance with the Mie theory at wavelengths between 0.25 and 40 µm. The aerosol component properties themselves are available in the software package, for the entire globe, on a grid of 5 degrees in longitude and latitude with 7 differentiating height profiles, and both for summer and winter. The 10 different aerosol types are used for the simulations at 8 different relative humidity values. In GADS mineral aerosol or desert dust consist of a mixture of quartz and clay minerals and they are modelled with three modes allowing to consider increasing relative amount of large particles for increasing turbidity [26] . Also mineral transported is used to describe desert dust that is transported over long distances with a reduced amount of large particles. The atmospheric radiative transfer is modelled by using SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer) [29] with 32 layers, 60 streams and delta-M method approximation (a natural extension of the delta-Eddington approximation to all orders M of angular approximation). SBDART is a software tool that computes plane-parallel radiative transfer in clear and cloudy conditions within the earth's atmosphere and at the surface. Each aerosol type has been given a vertical distribution according to [26] , which divides the atmosphere into four discrete layers, where the distributions of aerosol particles follow exponential profiles. The database was used to create a look-up table as a function of the profiles and four geophysical parameters: skin surface temperature (ST), total water vapour column, albedo/emissivity value, and aerosol microphysical parameters.
Dust Aerosol Detection
The technique developed for the detection of dust-contaminated pixels uses both MSG-SEVIRI infrared and visible observations. This technique is applied only to the pixels classified as cloud-free by the MACSP (cloud MAsk Coupling of Statistical and Physical methods) algorithm [25] . The dust aerosol detection algorithm has been validated in the latitude-longitude box between 30 and 50 degrees north, and −10 and 20 degrees east, for a total of 15 case studies selected between 2007 and 2011. The MSG-SEVIRI visible channel reflectances are used for detecting dust-contaminated pixels over sea (only during day time); a cloud-free pixel is classified as dust-contaminated when the following tests are successful:
where R 0.8 , R 0.6 , and R 1.6 indicate the surface reflectance at 0.8, 0.6, and 1.6 µm, respectively, and Thresh_Rx indicate the empirical thresholds for each channel described below.
The threshold tests applied both over land and sea (during day and night-time), uses the 8.7 µm, 10.8 µm, and 12.0 µm brightness temperatures by considering that the transmittance of many aerosols is characterized by a strong spectral variation in 8-10 µm and 10-12 µm spectral regions, over which the atmosphere is nearly transparent otherwise. In particular, Ackerman [30] investigated the detection of volcanic and soil-derived aerosol by using infrared measurements at three infrared wavelengths, 8.5 µm, 10.8 µm, and 12.0 µm. This technique has been applied to study volcanic aerosols [31] as well as dust outbreaks over Africa [32] . Dust detection is successfully carried out by using the difference between the brightness temperatures at channels centred at 10.8 µm (T 10.8 ) and 12.0 µm (T 12.0 ), because in the atmosphere the mineral dust absorption is stronger at 10.8 µm than it is at 12.0 µm [30, 33] . On the basis of this knowledge, a pixel is classified as dust-contaminated if:
 Thresh 1 _T 10.8 < T 10.8 < Thresh 2 _T 10.8 and at least one of the following tests is successful: 10.8,8.7 where Thresh 1,2 _T 10.8 are the empirical thresholds for the brightness temperature at 10.8 µm, Thresh_∆T 10.8,12.0 and Thresh_∆T 10.8,8.7 indicate the thresholds for the differences between the brightness temperatures at window channels.
The thresholds have been determined from samples of dust-contaminated pixels carefully selected by examining a MSG-SEVIRI data set acquired during night and day time. In particular, during day time the MSG-SEVIRI pixels have been co-located with the correspondent Aerosol Robotic Network (AERONET) data and Moderate Resolution Imaging Spectroradiometer (MODIS) aerosol products (MOD04/MYD04); these ancillary data have been used to help the classification of dust-contaminated areas that are difficult to detect, especially the ones characterized by low aerosol optical depth values. MOD04/MYD04 (Collection 5.1) are daily products with spatial resolution of 10 km × 10 km containing MODIS aerosol products acquired from Terra/Aqua platforms, respectively. MODIS Deep Blue optical depths have been used in this comparison. The collocation procedure designates the product with the coarser resolution as the master (in this case MOD04/MYD04). The collocation assigns to each master pixel all the observations from the other products that fall within the spatial coverage of that master pixel. The thresholds have been determined by examining RGB composition of MSG-SEVIRI channels acquired at 8.7 µm, 10.8 µm, and 12.0 µm. In particular, Red = T 12.0 − T 10.8 (the range considered for this brightness temperature difference is from −4 K to +2 K, approximately), Green = T 10.8 − T 8.7 (approximately from 0 K to +15 K), and Blue = T 10.8 (approximately from 261 K to +289 K). The RGB dust colour changes from blue/violet to red passing from high to low pressure levels during night time. During daytime, the RGB dust colour presents different gradations of pink by passing from high to low pressure levels. The same RGB composite of MSG channels has been analyzed by Banks and Brindley (2012) . The dust-contaminated pixels are grouped for brightness temperature ranges, solar and satellite zenith angles as well as for land cover types, and a Look-Up Table ( LUT) for thresholds has been build. The threshold values have been set as the mean values for each sample and for each test. The algorithm selects thresholds according to the satellite zenith angle, land cover, solar illumination and the image brightness temperature ranges. The MODIS land cover product (MOD12Q1) is used for the land-cover characterization of MSG-SEVIRI pixel. Firstly, the algorithm detects whether the pixel is dust-contaminated or not; when the pixel is dust-contaminated a further set of thresholds tests are applied. These tests consider the differences between the T 10.8 , T 10.8 − T 12.0 , T 10.8 -T 8.7 , R 0.8 , R 0.6 , R 1.6 actual values and the respective thresholds, and based on them, the dust-contaminated pixel is classified as contaminated by: where AOD is the dust Aerosol Optical Depth value. Tables 1 and 2 list the AERONET stations and MYD04/MOD04 products, respectively, used as support for the determination of the threshold values. Table 3 lists the MYD04/MOD04 products used for validating the dust detection. Table 4 reports the performance of the MSG dust-detection technique, obtained through the comparison against the MOD04/MYD04 products listed in Table 3 . Figure 1 shows the RGB SEVIRI image and the dust-detection results for a case study. The RGB composition of the brightness temperature difference (T 12.8 − T 10.0 , T 10.8 − T 8.7 ) and the brightness temperature at 10.8 µm is very useful to highlight dust contaminated pixels. Figure 1 (right) shows a large pink area of dust-contaminated pixels in the southern Mediterranean above Algeria; this area has been correctly detected by the technique as shown in Figure 1 (left) (yellow pixels). Small dust-contaminated areas are also visible in the south of Sardinia (Italy). Table 4 shows the percentage of pixels classified as (thin, medium, high) dust-contaminated by the MSG dust-detection technique in agreement with the values provided by the MYD04/MOD04 products. The performances are expressed in terms of the percentage of hits with respect to the total number of pixels. The standard deviation indicates the dispersion of the percentage hits over the batch of MODIS granules listed in Table 3 . On the basis of the MODIS MYD04/MOD04 product comparison results shown in Table 4 , it is possible to assert that MSG dust-detection technique performs better over sea than over land, with a percentage of (thin, medium, high) dust-contaminated pixels correctly detected equal to (80.3%, 81.4%, 83.5%) over sea and (50.7%, 74.0%, 79.2%) over land. 
Albedo and Emissivity Values
The simulation of visible SEVIRI channels has been carried out by using MODIS albedo values. The MODIS Bidirectional Reflectance Directional Function (BRDF) and Albedo product provides an intrinsic characterization of surface anisotropy used for the determination of global land surface albedos. The MODIS product relies on multi-date, clear-sky and atmospherically corrected surface reflectances coupled with a BRDF model both to understand the surface anisotropy and provide albedo measurements. In particular, the MOD43B1 BRDF/Albedo Model Parameter Product (MODIS/Terra BRDF/Albedo Model_1 16-Day L3 Global 1km SIN Grid) provides the weighting parameters associated with the Ross-Thick-Li Sparse Reciprocal BRDF model which best describes the anisotropy of each pixel. These three albedo model parameters (fiso, fvol and fgeo), provided for each MODIS spectral channel as well as for the three broadbands (0.3-0.7 µm, 0.7-5.0 µm, and 0.3-5.0 µm), can be used with a polynomial to estimate the black-sky albedo for any solar zenith angle with good accuracy [34] . The MODIS albedo has been spectrally interpolated to match the spectral location of SEVIRI channels following the approach described hereafter. First of all, a set of reference reflectance spectra in the 0.2-3.0 µm range for different surfaces was obtained from the United States Geological Survey (USGS) Digital Spectral Library [35] and the Johns Hopkins University (JHU) spectral library. For each MODIS albedo, a subset of the reference spectra was selected, choosing only the spectra consistent with MODIS values at MODIS bands [36] . Then, the range of variation of these reference spectra at the wavelengths of SEVIRI channels has been used to set the boundaries for searching the most appropriate values for SEVIRI albedo; these values were obtained as the result of minimizing the difference between simulated and observed SEVIRI radiances for a set of clear-sky cases.
The global database of infrared land surface emissivity, based on MODIS operational land surface emissivity product (MOD11A) [37] , has been used to simulate IR channels. The MODIS/Terra LST/E Daily L3 Global 1 km Grid product (MOD11A1) is tile-based, gridded in the Sinusoidal projection at 1 km spatial resolution. The MODIS product is derived from a physics-based day/night land-surface temperature and emissivity algorithm used for the simultaneous retrieval of surface emissivity and temperature from a pair of day-and night-time MODIS observations at 20, 22, 23, 29, and 31-33 channels over all types of land cover. The high-spatial and moderate-spectral resolution global database of infrared land surface emissivity has been developed through a procedure based on a fit method to fill in the spectral gaps between the six emissivity wavelengths available in MOD11 [38] .
Optical Depth Estimation
The developed dust aerosol retrieval algorithm is based on the visible and near-infrared channels. When a pixel is detected as dust-contaminated, the dust aerosol optical depth is retrieved in an iterative way by simultaneously comparing the satellite radiance observed at visible, near-infrared and infrared wavelengths with the look-up table of simulated brightness temperatures and radiances affected by dust aerosol. The skin surface temperature (ST) and the total water vapour (WV) column have been retrieved using the split window techniques [24] . The retrieval method searches in the look-up table the simulated data that correspond to the retrieved albedo/emissivity, ST and WV, and starts from a first-guess dust aerosol profiles. The brightness temperatures and the radiances at SEVIRI channels within the look-up tables are compared with the measured values. This comparison is judged to be satisfactory if the root mean squared (RMS) difference between the brightness temperatures and the radiances observed and computed in all the channels is lower than a threshold (0.1 K); this threshold was determined as the RMS difference between simulations and measurements in clear sky conditions. If this condition is not satisfied, the procedure iterates taking in consideration a different dust aerosol profile until a suitable solution is reached. The categorization of the aerosol loading (Section 2.1) reduces the iterations and thus reaches the solution more rapidly. The procedure is stopped and yields no retrieved values whenever any retrieved parameter assumes a value that falls outside the range covered by the look-up table. Linear interpolation is used to fill the gaps in a look-up table.
Results
The algorithm results have been compared with MODIS products (MOD04_L2/MYD04_L2), taking into consideration both Aqua and Terra platforms acquired within ±30 min and with Aerosol Robotic Network (AERONET), and the comparison is proved to be satisfactory. Table 3 reports the MODIS granules used in the comparison. Table 1 reports the station used in the validation. The MODIS/SEVIRI pixels closest (within 10 km) to the AERONET station sites have been considered. We use AERONET values of the Angstrom coefficients (440 nm/870 nm) and the AOD at 440 nm to estimate AODs at 550 nm [39] . The comparison confirms that the dust aerosol optical depth can be obtained with good accuracy when using SEVIRI data. The values estimated by using SEVIRI data show a better scatter plot (Figure 2 ) than the MODIS product, though we need to consider that the SEVIRI acquisitions are often spatially/temporally closer to the AERONET sites. The root mean square error and correlation coefficient resulting from the comparison with the AERONET acquisition are, respectively, 0.08 and 0.77 for the algorithm proposed here and 0.18 and 0.36 for the MODIS products. It should be mentioned that the AODs shown here are relatively low, with respect to typical dust AODs which can be greater than 1, and therefore these results strictly apply to light dust loading cases, which indeed are the most difficult to detect from satellite platforms. In particular we report the number of the pixels considered (N), the root mean square error (RMSE), the bias and the correlation coefficient.
Conclusions
This paper discusses a technique based on MSG/SEVIRI data for dust aerosol detection and retrieval, showing the capability of a geostationary satellite to monitor dust events. With respect to previous studies, the proposed algorithm is based on a more accurate FOV discrimination (clear, cloudy, affected by aerosol/dust) and an accurate land-cover, which is crucial in order to retrieve the optical dust aerosol depth over land. With this accurate land cover, the algorithm permits to retrieve dust in very difficult cases, such as when it is hard to discriminate dust signal from the surface reflectance. Of course, uncertainties in dust/aerosol optical and physical properties still represent a limitation of the dataset and aerosol retrievals. The algorithm starts with the classification of the pixels as clear, cloudy, partially cloudy or affected by dust aerosol presence. For the pixels affected by dust aerosol presence, the algorithm retrieves the optical depth in an iterative way by simultaneously comparing the satellite radiance observed at visible, near-infrared, and infrared wavelengths with the look-up table of simulated radiances affected by dust aerosol. The identification, evolution and retrieval of dust are well shown by SEVIRI data with high spatial resolution (3 km) and high temporal resolution (15 min). Comparisons against the satellite-based MODIS product and the ground-based measurements available at AERONET sites show a good agreement with the values retrieved by using the proposed algorithm. Quantitatively, the results show a good correlation of about 0.77, a root mean square and a mean difference within respectively 0.08 and −0.02.
